Purpose: To compare pulmonary artery flow using Cartesian and radially sampled four-dimensional flow-sensitive (4D flow) MRI at two institutions. Methods: Nineteen healthy subjects and 17 pulmonary arterial hypertension (PAH) subjects underwent a Cartesian 4D flow acquisition (institution 1) or a three-dimensional radial acquisition (institution 2). The diameter, peak systolic velocity (Vmax), peak flow (Qmax), stroke volume (SV), and wall shear stress (WSS) were computed in two-dimensional analysis planes at the main, right, and left pulmonary artery. Interobserver variability, interinstitutional differences, flow continuity, and the hemodynamic measurements in healthy and PAH subjects were assessed. Results: Vmax, Qmax, SV, and WSS at all locations were significantly lower (P < 0.05) in PAH compared with healthy subjects. The limits of agreement were 0.16 m/s, 2.4 L/min, 10 mL, and 0.31 N/m 2 for Vmax, Qmax, SV, and WSS, respectively. Differences between Qmax and SV using Cartesian and radial sequences were not significant. Plane placement and acquisition exhibited isolated, site-based differences between Vmax and WSS. Conclusions: 4D flow MRI was used to detect differences in pulmonary artery hemodynamics for PAH subjects. Flow and WSS in healthy and PAH subject cohorts were similar between Cartesian-and radial-based 4D flow MRI acquisitions with minimal interobserver variability. Magn Reson Med 000:000-000,
INTRODUCTION
Pulmonary hypertension (PH) is associated with substantial morbidity and mortality. The disease is characterized by an increase in pulmonary artery pressure and stiffening of the proximal pulmonary arteries (PAs). The result is an increase in right ventricular (RV) afterload and ultimately RV failure (1) (2) (3) . Based on the underlying etiology, pathology and therapeutic response, the World Health Organization (WHO) categorizes PH into five categories (4) . Yet for all PH categories, survival rates are poor, and research efforts are complicated by the multifactorial nature of the disease.
For patients with PH, particularly those with pulmonary arterial hypertension (PAH), cardiovascular magnetic resonance (CMR) is used increasingly to assess cardiac function in order to detect early changes in RV function caused by elevated arterial pressure. Given the accuracy compared with alternative modalities, CMR, using CINE balanced steady-state free precession sequences (bSSFP), is considered the gold standard for quantification of both left (5-7) and right (8) (9) (10) ) ventricular size and function. CMR also allows for time-resolved threedimensional (3D) phase-contrast MRI with threedirectional velocity encoding (four-dimensional flowsensitive [4D flow] MRI), which offers the opportunity to noninvasively measure 3D hemodynamic changes in the pulmonary arteries (11) (12) (13) . The combination of these techniques provides the opportunity to obtain greater insight regarding the impact PAH has on interactions between the pulmonary vasculature and right ventricle (i.e., ventriculo-vascular coupling). The ability to investigate these interactions in PH subjects is especially relevant given the observation of drastic changes in the PA hemodynamic environment (11) (12) (13) .
Functional characterization of the RV and advanced CMR flow measurements are increasingly important given that PAH is not merely a disease of the distal vessels, as the proximal pulmonary arteries also undergo dilation, remodeling, and stiffening (14) (15) (16) . These distal and proximal pulmonary arterial changes not only contribute to decreased compliance and increased resistance (15, 16) , thereby increasing RV afterload (17) , they also alter secondary flows (such as helix and vortex formation), including changes to the velocity profile shape and magnitude (13, 18, 19) . These complex flow changes are only beginning to be understood in the context of their impact on wall shear stress (WSS), control of smooth muscle cell tone via mechano-transduction, and vascular remodeling that alters intrinsic proximal tissue characteristics (19) (20) (21) . However, given the relative rarity of PAH, largescale population-based studies will have to involve multiple centers. In order for this to be feasible, crossplatform MR studies must provide similar and consistent results. Additionally, 4D flow MRI is gaining significant interest from the research community (22) ; however, it has only been used in small, single-center studies.
Therefore, the primary aim of this two-center study was to determine whether PA flow and WSS differences can be detected using two different 4D flow MRI acquisition strategies, using PAH patients and healthy subjects. The secondary aim was to contribute to ongoing efforts regarding the characterization of PA hemodynamics in healthy and PAH subjects.
METHODS

Subjects
The inclusion criteria for patients were as follows: a diagnosis or initial evaluation for idiopathic PAH, systemic sclerosis PAH, or chronic thromboembolic PH; referral for a clinically necessary right heart catheterization; and age between 18 and 80 years. Exclusion criteria were one or more of the following: recent syncope, contraindication to cardiac MRI, mixed etiology PAH (e.g., idiopathic PAH and a history of isolated pulmonary emboli), severe lung disease, and pregnancy. Thus, PAH patients were consecutively recruited if they: 1) met the inclusion/exclusion criteria for the study; 2) consented to the study; and 3) were undergoing clinically indicated right heart catheterization. Informed consent was obtained for all studies, which were conducted according to local institutional review board approved protocols and were compliant with the Health Insurance Portability and Accountability Act. Nine healthy subjects and 10 subjects with PAH were recruited at institution 1 and 10 healthy subjects and seven subjects with PAH were recruited at institution 2. The demographic data on all enrolled subjects are summarized in Table 1 .
MRI Studies
Institution 1
MRI studies were performed at 1.5T and 3.0T (Espree, Avanto, Skyra, Siemens Erlangen, Germany). For the assessment of pulmonary blood flow, the 4D flow technique was implemented using a standard Cartesian kspace trajectory in a sagittal oblique 3D volume covering the central pulmonary arteries after venous administration of either gadofosveset trisodium (Ablavar, Lantheus Medical Imaging, North Billerica, Massachusetts, USA) or gadobenate dimeglumine (Multihance, Bracco Diagnostics Inc, Monroe Township, New Jersey, USA). Prospective electrocardiographic gating was used during free breathing with a respiratory navigator located at the lung-liver interface. The pulse sequence parameters were as follows: echo time ¼2. 4 
Institution 2
MRI studies were performed on a 3.0T clinical system (MR750, GE Healthcare, Waukesha, Wisconsin, USA). 4D flow MRI was acquired using a radially undersampled, time-resolved, 3D, three-directional, velocity-encoded imaging sequence (phase contrast with vastly undersampled isotropic projection reconstruction [PC-VIPR]) (24) after venous administration of gadobenate dimeglumine (Multihance, Bracco Diagnostics Inc). A 3D volume covering the chest (centered over the heart) was used. Retrospective reconstruction using electrocardiographic gating and respiratory triggering using bellows with an adaptive acceptance window of 50% was performed. The PC-VIPR sequence parameters were as follows: echo time ¼ 2.1-3.2 ms; pulse repetition time ¼ 6.1-8.9 ms; flip angle a ¼ 10 -14 ; field of view ¼ 320 Â 320 Â 220 mm; readout length ¼ 256 samples; spatial resolution ¼ 1.3 mm isotropic. Velocity sensitivity was adjusted to minimize velocity aliasing (venc ¼ 0.75-1.5 m/s) Data were retrospectively sorted into 20 time frames according to their position in the cardiac cycle using a temporal filter similar to Cartesian view sharing (25) . This translates into a 41-52 ms temporal resolution, depending on the heart rate (the range is the average between the normal and patient population). 
MRI Analysis
Analysis of the 4D flow MRI data (aggregated from both sites) was conducted by two investigators, one at each site. Quantitative flow analysis of the 4D flow MRI datasets was performed using a previously described MATLAB program (MathWorks, Natick, Massachusetts, USA) (26) . Briefly, at both institutions, all 4D flow MRI data were preprocessed to correct for eddy currents using a planar fit to static tissue (27) . Next, a phase contrast magnetic resonance angiogram was generated, which allowed the user to interactively place two-dimensional cutplanes (CEI Ensight, Apex, North Carolina, USA) perpendicular to the direction of the flow in the main pulmonary artery (MPA), right pulmonary artery (RPA), and left pulmonary artery (LPA). Figure 1 indicates the locations of the MPA, RPA, or LPA cutplanes, which were placed approximately 1 cm downstream from the pulmonary valve or LPA/RPA bifurcation, respectively. Manual segmentation of the vessel wall was performed on the two-dimensional (2D), time-resolved cutplanes and diameter (D), peak systolic velocity (Vmax), peak flow (Qmax), stroke volume (SV), and WSS in the MPA, RPA, and LPA were computed. In addition, cardiac output (CO) was computed by multiplying the heart rate with the SV. The internal consistency of the total flow measurements was assessed by a linear regression of SV through the MPA to the sum of SV through the RPA and LPA. Conservation of mass was considered "upheld" if the slope of the regression approached unity (within 10% error). In order to understand the contribution of complex flow (such as helical flow) to the WSS magnitude, the contribution of in-plane WSS (i.e., "in the plane" of the lumen circumference, as opposed to "through-plane") was reported as a percentage of overall WSS magnitude.
Statistical Analysis
Continuous values are reported as the mean 6 standard deviation. Kruskal-Wallis rank-sum and Fisher's exact tests were used to assess group differences in continuous and categorical variables, respectively. A Wilcoxon rank-sum test was applied to test for intergroup differences, if deemed appropriate by the Kruskal-Wallis rank-sum test. Multiple linear regressions were used to assess differences in flow parameters due to pulmonary hypertension and site/sequence differences; separate analyses were performed for each possible combination of flow parameter, reader, and pulmonary artery branch. These models are identical to two-way (additive) analysis of variance. BlandAltman 95% limits of agreement were obtained to assess the typical discrepancy between readers. Linear regression of the differences on the means was fitted to assess whether the difference (bias) varied systematically as a function of the average reading. Separate estimates were obtained for each flow parameter and pulmonary artery branch. P < 0.05 (two-sided) was the criterion for statistical significance. All statistical computations were performed in R (R Development Core Team, Vienna, Austria).
RESULTS
Subject Demographics
Age, WHO category (group) of PH, New York Heart Association (NYHA) functional class, mean pulmonary artery pressure (mPAP), pulmonary vascular resistance, and years since diagnosis are presented in Table 1 . Age, mPAP, and pulmonary vascular resistance were not significantly different between the two sites for patients or controls. A significant difference did exist between the age of the controls and the age of the patients at both sites. Heart rate and years since diagnosis of PAH were significantly different between the two sites, with institution 1 having an average of 0.8 6 0.9 years and institution 2 an average of 2.4 6 2.1 years since time of diagnosis to time of MR study. WHO group I (PAH) was the most common form of PH at both institutions, and all PAH patients had either NYHA functional class 2 or 3 symptoms (the mode being NYHA class 2 at institution 1 [n ¼ 6] and class 3 at institution 2 [n ¼ 5]).
Control vs. PAH: PA Size, Bulk Flow, and WSS For both institutions, 4D flow imaging was successfully performed in all patients. D, Vmax, Qmax, SV, CO, and WSS are summarized for healthy subjects and PAH subjects in Table 2 . Significant differences between D, Vmax, Qmax, SV, and WSS existed between control and PAH subjects at both institutions individually and combined (see Table 2 for details). A significant difference existed between normal and PAH subjects for cardiac output at institution 1. The general trend was for the diameter to be enlarged and for the Vmax, Qmax, SV, and WSS parameters to be lower in the PAH population (9 of 12 comparisons at institution 1 and 8 of 12 comparisons at institution 2). For the Cartesian and PC-VIPR sequence, regressions between MPA SV and the sum of SV in both the RPA and LPA resulted in a slope of 0.91 and 0.92 and a Pearson correlation coefficient of 0.89 and 0.95, respectively (Fig. 2) . The regional MPA, RPA, and LPA WSS values were significantly lower in PAH subjects than in healthy controls, irrespective of which 4D flow MRI sequence was used (Fig. 3 ). In addition, the percentage of in-plane WSS was elevated in the MPA and LPA of PAH subjects (Table 2) .
Intersite and Interobserver Comparisons
Multiple linear regression analyses were performed for each flow parameter, vascular location, and reader (model structure: flow parameter $ PAH status þ site/sequence). For all subjects with PAH, Qmax, SV, and WSS were significantly lower than controls at all vascular locations, independent of reader and largely by site (Table 3 , WSS in the LPA was the only parameter different by site). PAH subjects also had a significantly lower Vmax in the RPA and LPA. Observer 1 found no difference from the controls for MPA Vmax; observer 2 found MPA Vmax lower than the controls. Site differences did exist between Vmax and WSS at the MPA and LPA (Table 3 ). In summary, 11 of the 12 hemodynamic measurements were independent of reader and 9 of the 12 hemodynamic measurements were independent of site. Interobserver error by BlandAltman analysis found mean differences for Vmax, Qmax, SV, and WSS in all 36 subjects to be 0.07 m/s, À1.3 L/ min, À5 mL, and 0.04 N/m 2 , respectively (Fig. 4) . The limits of agreement were 0.16 m/s, 2.6 L/min, 10 mL, and 0.31 N/m 2 for Vmax, Qmax, SV, and WSS, respectively.
The mean difference had a non-zero slope for stroke volume (P ¼ 0.002) and peak flow (P ¼ 0.011), thus the 95% confidence intervals are presented in brackets for the bias and limits of agreement (Fig. 4) . The agreement of regionally measured WSS, as observed between readers and disease state, is presented in Figure 5 .
Disease and Parameter Interactions
Individual univariate regression of Vmax, SV, Qmax, D, and PAH status to WSS revealed that the three most significant correlations to WSS were PAH status (i.e., PAH ¼ "yes" or "no"; R 2 ¼ 0.52, P < 0.001), D (R 2 ¼ 0.24, P < 0.001), and Qmax (R 2 ¼ 0.04, P ¼ 0.02). illustrates the interactions. Multivariate regression of the model "WSS $ PAH status þ D þ Qmax" determined PAH status (P < 0.001) and D (P ¼ 0.01) were significantly correlated to WSS (Qmax was not correlated, P ¼ 0.68). The multivariate model exhibited a slightly higher adjusted R 2 ¼ 0.54 (P < 0.001) when compared with the best univariate correlation.
DISCUSSION
For PAH, right heart catheterization is the gold standard regarding diagnosis, monitoring, and evaluation of therapeutic response. Nonetheless, CMR remains the gold standard for noninvasively measuring RV size and function (5-10). Given recent studies directing attention to the potential disease pathway for flow mediated mechano-transduction and proximal PA remodeling, CMR (specifically 4D flow MRI) can additionally provide advanced functional hemodynamic information. In this respect, 4D flow is especially relevant given that complex 3D flow is known to be present in the enlarged arteries of PAH patients (13, 18) . However, few multisite studies have investigated whether complex differences in flow between healthy and PAH subjects can be detected, such as those related to WSS. This is especially true for sites that use fundamentally different 4D flow acquisition strategies. Therefore, in this study, Cartesian and radial 4D flow MRI sequences were used at two separate institutions to quantify pulmonary artery flow and WSS in 19 healthy control subjects and 17 PAH patients. To our knowledge, this is the first multicenter 4D flow MRI study, irrespective of vascular region.
The primary findings of this study support the assertion that changes of flow and WSS in PAH patients can be detected irrespective of CMR acquisition strategy or observer. This is important for future multicenter PAH trials that study the effects of PAH treatment on ventriculo-vascular coupling, because these trials may use CMR systems from different vendors. In particular, site-specific and combined multiple linear regressions indicate that both bulk flow parameters Qmax and SV are significantly depressed in all proximal arteries in the presence of PAH. This is similar to previous reports (11) . Additionally, Vmax and WSS were found to be depressed in the LPA and RPA. Qmax and SV in each subject group were similar across both sequences; however, the measurements of Vmax and WSS did exhibit isolated differences depending on site (specifically in the difficult-to-delineate region of the MPA and LPA). Potential reasons may be the spectrum of patient disease between sites (see WHO group, NYHA functional class, and years since diagnosis, Table 1 ), although sequence differences and noise cannot be ruled out. Nonetheless, as demonstrated by Bland-Altman graphs, the agreement in SV and Qmax between independent, blinded observers was satisfactory. Due to noise, the limits of agreement were higher for Vmax and WSS ( Figure 4) ; however, differences were detectable according to disease state for both observers (Table 3) , and good agreement was found for the mean of the regional WSS between observers (Fig. 5) . In summary, these results demonstrate that multicenter 4D flow MRI studies can be conducted, even with different 4D flow MRI acquisitions.
Internal consistency was confirmed with the continuity equation and a regression slope resulting in a value within 10% of unity (this acceptance threshold has been used previously for cardiac applications [ Fig. 2]) (28) . The Pearson correlation of the regression also indicates the robustness of the technique for both sequences. The trend toward lower peak and cardiac output in PAH subjects (Table 2) is concordant with the observations of Ley et al. (11) and Tang et al. (20) . Tang et al. reported a total MPA flow of 3.7 6 1.2 L/min and 5.8 6 0.6 L/min in PAH and healthy subjects, respectively. Additionally, the increased size of the vessels is in line with previous MR studies (11, 29) . Slower flow and larger diameter vessels in patients with PAH will result in lower velocity gradients at the proximal PA wall and thus lower WSS. Even in the case of equal flow rate between PAH and healthy subjects, the presence of a dilated artery will generally result in lower velocity gradients at the wall, and thus lower WSS. This result has been demonstrated in pediatric PAH (19) and using computational fluid dynamics (CFD) (20) . Additionally, larger vessels are known to promote helical and vortical flow, as has been observed by Reiter et al (13) . In this study, we . The individual plots show the WSS distribution in normal controls compared with patients with PAH. Note that both Cartesian 4D flow MRI and PC VIPR were able to detect similar changes in segmental systolic WSS in PAH patients compared with controls. *All measured locations were significantly different between controls and PAH patients for both sequences (P < 0.01). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.]
investigated the contribution of the circumferential flow (i.e. in-plane) to the overall WSS magnitude and found that it was increased in the LPA and MPA ( Table 2 ). The elevation of in-plane WSS indicates that helicity and vorticity are increased in these vessels. Interestingly, no elevation of in-plane WSS was found in the RPA. This may be due to the existence of helicity in the RPA of normal patients, as evident in the particle traces of the institution 1 control subject shown in Figure 1 , between the trigger time of 190 and 560 ms. Of note, the mean peak systolic WSS values we calculated using 4D flow MRI are of similar magnitude, but lower than those derived using CFD (2.05 N/m 2 in healthy subjects and 0.43 N/m 2 in PAH subjects). These differences are presumably related to differences in the spatial resolution used to estimate the WSS (26) . A previous 2D phase contrast MRI study analyzing RPA WSS in pediatric subjects (at higher spatial resolution, but in smaller, younger subjects), found WSS values on the order of magnitude to those measured in this study, but lower than the CFD study (0.7 N/m 2 in healthy subjects versus 0.2 N/m 2 in PAH subjects) (19) . Additional site differences in WSS values found in the PAH subjects may be associated with different stages and severity of disease, thus future studies should take care to recruit homogenous populations to determine the significance of this effect. For example, SV was depressed in the patient population at both sites. However, cardiac output was preserved for institution 2 subjects (although trending lower compared with the control group). This may be indicative of the earlier stage of disease (i.e., years of PAH) and thus the ability to compensate for a drop in SV. In support of this assertion, institution 1 patients had a longer period between diagnoses and MRI study (2.4 6 2.1 years vs. 0.8 6 0.9 years).
The long-standing notion that PAH is a disease of the distal vessel is evolving with recent evidence warranting additional investigation regarding the role of proximal pulmonary remodeling in the disease pathway (12, 16, 17) . It is postulated that the proximal PAs stiffen and dilate as a result of collagen accumulation (or elastin loss) and pressure loading, which greatly diminishes the Windkessel effect and the dual-stage RV-PA pump (15, 16) . This will increase the RV afterload and alter proximal flow dynamics. These changes can be measured in the form of bulk flow (SV, CO, and Qmax) as well as in the form of Vmax and WSS, the latter of which is known to regulate transcription events in vascular remodeling. WSS represents the drag force along the vessel wall caused by a tangential blood velocity and viscosity. It has drawn interest for its role in vascular biology because of a demonstrated role in endothelial function, particularly in systemic circulation (30, 31) . Specifically, alterations in arterial WSS have been linked to the development of arteriosclerosis and plaque stability (32) (33) (34) through its effects on matrix metalloproteinase (33), endothelin-1 (35) , and endothelial nitric oxide synthase (36, 37) activity. These studies suggest that measuring WSS in patients with PAH may be important to extend our understanding of how changes in the structure of the PAs affect the progression of PAH, and how these characteristics respond to alterations in RV function or therapy. Thus, understanding the changes in both net flow parameters (for coupling effects) and WSS (for mechanotransduction effects) may help elucidate the complex etiology involved in PAH progression. This multisite study is a first effort to understand exactly which parameters can be measured reliably, in which vascular territory, and how they interact.
In terms of interactions, the unvariate models found that WSS correlated largely with a binary description of disease status. However, because age was significantly different between the two populations, age was tested as a confounder by performing individual univariate linear regressions of WSS to age on the PAH-only (age range, 38-74 y) and the volunteer cohorts (age range, 22-60 y). WSS was not related to age for each cohort (PAH-only, P ¼ 0.32 and volunteer, P ¼ 0.11). Therefore, a multivariate model constructed from the three highest univariate correlations for the entire study population (i.e., PAH status, D, and Qmax), which demonstrated that WSS is most driven by the binary description of disease state (P < 0.001), even when the weaker vessel size interactions are taken into account (D, P < 0.01). To investigate whether changes in PAH state can be detected beyond a mere "yes/no" model, a multivariate model constructed from the three highest univariate correlations for the PAH-only cohort (i.e., D, mPAP, and Qmax), which found that WSS was driven by Qmax (P ¼ 0.035) and more weakly by mPAP (P ¼ 0.059). In summary, although size played a moderately significant role for the determination of WSS in both cohorts, the interaction appears to be not as strong as the presence of PAH (both by a binary descriptor, or mPAP) or a decrease in flow in the PAH-only group (Qmax).
Recent CMR studies have shown promise for radiationfree catheterization (38) , or noninvasive estimation of mPAP using parametric models (39) . These efforts are complemented by 4D flow MRI, which has been used previously to assess the hemodynamics, including derivation of WSS, in the systemic circulation using both Cartesian (26, 40, 41) and radial acquisitions (42) . Using 4D flow MRI in the pulmonary circulation, Reiter et al. (13, 18) observed abnormal vortex development in the MPA in patients with PAH, resulting in an abnormal boundary layer along the wall of the MPA. François et al. (43) and Geiger et al. (44) similarly observed increased vortical flow patterns in the PAs of patients with repaired tetralogy of Fallot. Interestingly, François et al. observed increased PA WSS values in repaired tetralogy of Fallot subjects compared with healthy controls. These studies have demonstrated the feasibility of the technique to elucidate complex 3D flow patterns in the presences of complex anatomy and disease conditions. An important consideration for this technique is that scan times approach 8-15 minutes and the postpreprocessing times vary according to operator experience (%30 minutes for an experienced user). Although we did not record the processing or scan times, this should be reported in future studies.
Important limitations of this study are that two cohorts were used at each institution and a scan-rescan analysis was not performed. Ideally, the techniques would have been validated using the same subjects at both institutions, with rescans; however, the distance between the institutions precluded the feasibility of conducting a validation study scanning all subjects at both locations. Additionally, the study and its Institutional Review Board-approved protocol were not approved for rescans. Furthermore, given that institution 1 incorporates values measured at both field strengths, intersystem variability is an important consideration. Thus, it is noted that the field dependence of hemodynamic measurements in healthy volunteers were investigated at 1.5T and 3.0T and showed no significant difference for peak velocity, stroke volume, and WSS (45) . The spectrum of disease expression and the age difference between the control and PAH population may have added additional heterogeneity to the results. The spatial resolutions used between the two sites were different (2.2-2.75 Â 2.2-2.75 Â 2.4-3.2 mm, vs. 1.3 mm isotropic); nonetheless, it has been shown previously that bulk flow parameters and WSS are minimally affected in vessels on the size order of the MPA, LPA, and RPA and the chosen range of spatial resolution (26) . Despite these limitations, the lack of any significant difference between the parameters measured in healthy subjects or PAH patients and the corroboration with other 2D single-site studies indicates that these techniques can be considered equivalent for flow quantification and WSS calculation (11, 19) .
In conclusion, CMR using breath-hold CINE balanced steady-state free precession sequences is already considered the gold standard for measuring ventricular size and function (5-10)-particularly of the right ventricle, due to its complex shape, which limits the accuracy of echocardiography. As a result, CMR is increasingly being used to follow and manage patients with PAH. We have demonstrated that 4D flow MRI provides similar bulk flow and WSS values whether using Cartesian or radial acquisitions and that the addition of 4D flow MRI to the standard CMR protocols used to evaluate these patients may permit further characterization of disease severity or monitor changes pulmonary vascular hemodynamics following therapy. Furthermore, the future acquisition of biomechanical properties in the central PAs (such as distensibility) may extend our understanding of PA-RV interactions and how they ultimately impact RV function and failure.
